From observations with the GMOS multislit spectrograph on the Gemini North telescope, we have obtained spectra for 39 globular cluster (GC) candidates in the Virgo giant elliptical galaxy NGC 4649 (M60), of which 38 are confirmed GCs. The clusters extend out to a radius of 260 arcsec (3.5 effective radii). We find no rotation of the GC system, with an upper limit of v/cr < 0.6 at a confidence level of 95 per cent. The GC velocity dispersion is constant with radius, within the uncertainties. We fit isotropic models to the GC and stellar kinematics; these models yield an (M/L)y around 16 at 200 arcsec radius (16 kpc), an increase of a factor of 2 from the central M/L. We also use the mass profile as derived from X-rays to determine the orbital structure. Using axisymmetric orbit-based models and the X-ray mass profile, we find the orbital distribution is close to isotropic within 100 arcsec, and becomes tangentially biased beyond. Furthermore, when using the X-ray profile, we find a better fit to the kinematics compared to using a constant M/L model. Thus, both isotropic and axisymmetric orbit-based models give support for the presence of a dark matter halo in NGC 4649.
INTRODUCTION
Globular clusters (GCs hereafter) are an excellent way to study the formation, evolution and dark matter (DM) content of galax ies of all types (e.g. Harris 2001) . They are particularly well suited for dynamical studies of early-type galax ies, since they are found in substantial numbers out to large radii around such galaxies and are bright enough to be seen at large dis tances. GCs complement other dynamical probes such as the stellar light, planetary nebulae (PNe) and X-ray data (e.g. Gerhard 2006; Romanowsky 2006b ). Integrated stellar spectroscopy has the ad vantage of large sample sizes and high signal-to-noise ratio (S/N), which allow the derivation of higher order moments of the velocity distribution, but the faintness of the stellar halo restricts measure-*E-mail: tjb@astro.queensu.ca ment to within a few effective radii of galaxy centres (e.g. Kronawit ter et al. 2000; Gerhard et al. 2001 ). X-ray data can probe further out, and recent high-quality data from ROSAT, ASCA and Chandra have shown that extended dark haloes are a common feature of all lumi nous ellipticals (Mathews & Brighenti 2003; Humphrey et al. 2006 ). However, accurate X-ray mass determination requires high-quality gas density and temperature profiles, along with the assumption of hydrostatic equilibrium. As well, only massive ellipticals have hot diffuse gas haloes for mass estimates.
PNe also have extended spatial distributions, and are easily iden tified because of their strong emission in the [O ill] 4959/5007 lines. Romanowsky et al. (2003) , using the Planetary Nebula Spectrograph (Douglas et al. 2002) , found that three intermediate-luminosity el lipticals (NGC 821, 3379 and 4494) have declining PN velocity dis persion profiles, consistent with simple models with little or no DM. This result is in conflict with the conventional model of galaxy for mation, whereby galaxies form in DM haloes. However, numerical simulations by Dekel et al. (2005) show that spiral-spiral mergers may lead to halo stars having highly radial orbits, as they are tidally ejected from the inner regions during the merger. Observed PNe in ellipticals, as part of this stellar halo, would then have line-of-sight velocity dispersions lower than that of the underlying DM. Older tracers such as GCs are expected to have higher velocity disper sions, more representative of the DM. In support of this, Sambhus, Gerhard & Mendez (2006) have recently found that the bright and faint PNe in NGC 4697 have different kinematics, and suggest that the bright PNe are a younger population perhaps formed in tidal structures. Our group (Pierce et al. 2006a ) has found that the GC velocity dispersion profile in NGC 3379 increases with radius, and non-parametric, isotropic models yield a significant increase in the mass-to-light ratio (M/L) at large radii. A similar result for the NGC 3379 GCs has also been found by Bergond et al. (2006) , from FLAMES/VLT data. Note also that Peng, Ford & Freeman (2004a) found a relatively low M/L of 10-15 for NGC 5128 from PNe veloc ities. It is thus very important to compare GC and PNe kinematics in a larger number of galaxies, to gain a more complete understanding of host galaxy dynamics.
GC velocities have been used to study the dynamics of several early-type galaxies, including M87 (Cohen 2000; Cote et al. 2001) , NGC 4472 (Sharpies et al. 1998; Zepf et al. 2000; Cote et al. 2003) , NGC 1399 (Richtier et al. 2004) , NGC 5128 (Peng, Ford & Freeman 2004b) and NGC 3379 (Bergond et al. 2006; Pierce et al. 2006a ); see Zepf (2003) for a review. From these studies it is consistently found that the GC velocity dispersions are either constant or increasing with radius. This is strong evidence for DM haloes in these galax ies, supporting X-ray data. Merger simulations (Hernquist & Bolte 1993; Vitvitska et al. 2002; Bekki et al. 2005 ) predict that ellipti cals should have significant amounts of angular momentum at large radius. However, rotation is seen in some GC systems (e.g. NGC 5128; M87), but not in others (e.g. NGC 1399, 3379, 4472) . In some cases, the lack of detected rotation may be due to small numbers of GCs; but NGC 4472 and 1399 have hundreds of GC velocities, allowing tight constraints on rotation except at the outer reaches of the data sets. The situation is even more complex when the kine matics of metal-poor (MP) and metal-rich (MR) GCs are studied separately. In most GC systems, the MP and MR GCs are differ ent in terms of their rotation and velocity dispersions, and these differences often depend on galactocentric radius. Usually the MP GCs are dynamically hotter than the MR GCs, as might be ex pected given their generally shallower spatial profiles (e.g. NGC 5128, 1399, 4472) . In some cases (e.g. NGC 4472, M87) the blue and red clusters may be counter-rotating at some radii. In only a few galaxies with the largest GC samples can we say anything about GC orbital anisotropy; in NGC 1399, 4472 and M87 the GCs are con sistent with isotropic orbits (though there are hints that the orbital behaviour may be different for MP and MR subsamples). This paper continues our Gemini/GMOS study of the GC system of NGC 4649 (M60), a bright elliptical located in a subcluster in the eastern part of the Virgo cluster (see Forbes et al. 2004 for further details of NGC 4649 and photometric studies of its GC system). NGC 4649 is well studied in X-rays, with ROSAT (di Matteo & Fabian 1997; Trinchieri, Fabbiano & Kim 1997; Bohringer et al. 2000; O'Sullivan, Forbes & Ponman 2001) and Chandra (Irwin, Athey & Bregman 2003; Sarazin et al. 2003; Randall, Sarazin & Irwin 2004; Swartz et al. 2004; Gutierrez & Lopez-Corredoira 2005; Humphrey et al. 2006) data. Trinchieri et al. (1997) , Bohringer et al. (2000) and Humphrey et al. (2006) all find evidence for an extended DM halo in NGC 4649; Humphrey et al. (2006) find an enclosed mass of 1 x 1012 Mq and an M/L ~ 5 in the K band at 260 arcsec (20 kpc). Chandra data have also revealed over 100 low-mass Xray binaries (LMXRBs) in NGC 4649 (Sarazin et al. 2003; Randall et al. 2004) , and we will use our larger GMOS GC imaging data base (Forbes et al. 2004) to match with the Chandra LMXRBs in a future paper (Bridges et al., in preparation) .
Previous studies of the stellar kinematics in NGC 4649 have found major axis stellar rotation of 100-120 km s out to 45-100 arcsec, a high central velocity dispersion of 350-400 km s , and a declining velocity dispersion profile (Fisher, Illingworth & Franx 1995; De Bruyne et al. 2001; Pinkney et al. 2003) ; de Bruyne et al. also find modest minor axis rotation of ~30 km s', de Bruyne et al. use three-integral axisymmetric models to find that a DM halo gives the best fit to the kinematic data, though a constant M/L model is also consistent with the data. We will use the data from Pinkney et al. (2003) to combine with our GC velocities and X-ray data (Humphrey et al. 2006) to study the dynamics of NGC 4649 out to large radius (Section 3.2). Forbes et al. (2004) presented GMOS photometry for ~1000 GC candidates, and confirmed previous findings of bimodality in the GC colour distribution. Forbes et al. (2004) also found that the red GCs are more concentrated to the galaxy centre than the blue GCs, as is found in many other galaxies. The underlying galaxy light has a similar density profile slope as the red GCs. These GMOS images were used to select GC candidates for follow-up spectroscopy us ing GMOS in multislit mode (see Section 2.1). This paper presents spectra for 38 confirmed NGC 4649 GCs, and discusses the GC kinematics (rotation and velocity dispersion profiles; Section 3.1) and DM content of NGC 4649 (Section 3.2). In Section 4 we discuss our main results in more detail, while Section 5 presents our conclu sions. A companion paper (Pierce et al. 2006b ) uses spectroscopic line indices to address the ages, abundances and abundance ratios of the confirmed GCs. We adopt an SBF distance of D = 17.29tg 56 Mpc for NGC 4649 (Mei et al. 2006) , taken from the ACS Virgo Cluster Survey (Cote et al. 2004) ; this gives an image scale of 11.9 arcsec kpc1. This is slightly larger than the distance of 16.8 Mpc we used in our photometric study of the NGC 4649 GCs (Forbes et al. 2004 ).
MULTI-OBJECT SPECTROSCOPY

Object selection
GC candidates for follow-up GMOS multislit spectroscopy were selected from our GMOS images taken on 2002 April 10, 11 and 14 (Gemini programme reference number GN-2002A-Q-13). These consist of 4 x 120 s exposures in Sloan g and i filters for three fields. Each field is 5.5 x 5.5 arcmin and the pixel scale is 0.07 arcsec pixel ; see Forbes et al. (2004) for more details about the pre-imaging. To date, we have only obtained spectroscopy for Field 1, centred 1.9 arcmin to the NE of the galaxy centre (see Fig. 1 ); the seeing for Field 1 was ~0.6 arcsec. We used the co-added GMOS images provided by Gemini staff for our object selection.
Here is a brief discussion of the procedure we have used to iden tify a clean sample of GC candidates for spectroscopy. We first median-filtered each image using a square filter ~10 times the im age FWHM, and subtracted the medianed image from the original. We then used daophot to obtain photometry for point-like objects (daofind, phot and allstar). Aperture corrections were then made to obtain total magnitudes. Our photometry was calibrated on to F555W (V) and F814W (Z), using Hubble Space Telescope (HST) WFPC2 photometry kindly provided by Soeren Larsen (Larsen et al. 2001 ). This calibration was first done on our Field 2, which has the Table 1 , X (Column 4) increases from bottom to top, while F (Column 5) increases from leftto right-hand side. NGC 4647 can be seen at the right-hand edge of the frame to the NW of NGC 4649. Confirmed blue GCs are indicated by (blue) circles, and red GCs by (red) squares; the split between blue and red is at gi = 1.0. most overlap with the HST data; we then used overlapping regions between Fields 1 and 2 to calibrate Field 1. We next matched the g(V) and ¿(7) images. The final result is photometry for ~800 point like sources in Field 1, with 1', 7 and (V' -I) colours good to ±0.1 mag (sufficient for purposes of object selection).
From this input catalogue, we obtained a final sample of GC can didates by magnitude and colour selection. We selected a magnitude range from 9 < V' < 22.5; the bright cut-off corresponds to where we expect GCs to start appearing at the distance of NGC 4649 (for a distance of 17.3 Mpc, V' = 19 is ~3.3cr from the turnover in the GC luminosity function), while the faint cut-off is chosen to give at least a S/N of 5 in an 8-h exposure. Our colour range of 0.75 < V' -I < 1.4 was chosen to include all Galactic GCs (Harris 1996) , with some allowance for more MP (bluer) or more MR (redder) GCs. This colour range also encompasses the vast majority of GCs seen in other elliptical galaxies (e.g. Kundu & Whitmore 2001; Larsen et al. 2001 ). Finally, obviously extended sources were eliminated by eye. After these cuts, 250 objects remained as NGC 4649 GC candidates.
A GMOS multislit mask was made for Field 1 using the standard Gemini gmmps software. In addition to our GC candidates, we in cluded three stars with 15.5 < V < 18.5 for mask alignment. Using the B600 grism with a central wavelength of 5000 A, a slit width of 1 arcsec, and a minimum slit length of 4 arcsec, we were able to allocate 39 slits in Field 1 and the three alignment stars.
Spectroscopic observations and data reduction
GMOS spectroscopy was obtained for Field 1 on 2003 May 31, June 1, June 4 and June 27, as part of programme GN-2003A-Q-22. A total of 8 x 1800 s exposure was obtained with a central wavelength of 5000 A, and 8 x 1800 s at 5050 A; we thus have a total of 8 h on-source time. We used the B600_G5303 grism giving a dispersion of 0.45 ApixeU1 and a resolution of ~5.5 A. Spectra typically cover a range from 3300-5900 A, but the wavelength range depends on the slit position on the mask and some spectra reach up to ~7000 A. The seeing ranged from 0.65 to 0.9 arcsec over the four nights. Bias frames, dome flat-fields and copper-argon (CuAr) arcs were also taken for calibration. Typical wavelength residuals of 0.1 A were achieved.
Data reduction was done in the following way, using the Gemini/GMOS iraf package (Version 1.6).
(i) gsflat was used to make a normalized spectroscopic flat field from individual flat-field exposures (typically 3 or 4).
(ii) Object frames were bias-subtracted and flat-fielded using GSREDUCE.
(iii) The arc frame was bias-subtracted, but not flat-fielded, us ing GSREDUCE.
(iv) gswavelength was used to establish the wavelength cal ibration from the CuAr arc frames. This is a 2D fit, and several iterations are required per aperture. This is the most tedious and interactive part of the reduction.
(v) The object frames were then wavelength calibrated using GSTRANSFORM.
(vi) The object frames were then sky-subtracted interactively, using GSSKYSUB.
(vii) gemcombine was used to create a combined exposure from individual object frames, to act as a reference for extraction of the object spectra (after checking to make sure there are no shifts be tween the object frames).
(viii) gsextract was used to extract 1D spectra from each object frame, using the reference frame created in the previous step; optimal (variance) extraction was found to give the best results.
(ix) Finally, scombine was used to combine spectra from the different object frames; we did a median combine, used avsigclip for bad pixel rejection, and scaled each individual spectrum by the median of the counts between 4500 and 5000 A.
The final spectra have S/N ranging from 5 to 21 per A at 5000 A, with a median S/N of 11.5 per A.
GC velocity determination
To measure the GC velocities, we used the FXCOR task in iraf. Due to prohibitive time overheads, we did not observe radial veloc ity standard stars with GMOS. Therefore, we used six Bruzual & Chariot (2003) model spectra for cross-correlation templates. These model spectra have metallicities [Fe/H] of -1.64, -0.33 and ±0.1, for ages of 5 and 14 Gyr. We used the average of these six templates for our final velocity (taking a weighted average only changes the velocities by ~1 km s ' ); all cross-correlation peak heights were higher than 0.1 and are therefore very secure. The velocity errors were taken to be the average of the errors returned by FXCOR for the six templates, and thus only reflect the statistical uncertainties in these fits. The final velocities with their errors are given in the last two columns of Table 1 .
There was only one background object (a QSO at z ~ 0.5) among the 39 spectra. Our low contamination rate of 2.5 per cent is at tributable to the good seeing of our GMOS images, and careful colour and magnitude selection. The remaining 38 objects have he liocentric velocities ranging from 484 to 1511 km s', and as we discuss in Section 3.1, we believe that these are all GCs belonging to NGC 4649. Table 1 presents positions, photometry and heliocentric velocities for our 38 confirmed NGC 4649 GCs. Note that the photometry in Table 1 is GMOS Sloan g and g -i, taken from Forbes et al. Table 1 . Confirmed GCs around NGC 4649. Cluster ID, RA, Dec., X, Y, g,gi and heliocentric velocities and errors are presented for 38 confirmed GCs. The g and gi photometry is from Forbes et al. (2004) , while the heliocentric velocities are from this work. To convert to HST/WFPC2 V (F555W) and I (F814W) use V = g -0.75 ±0.1 and V -I = gi -0.02 ±0.1. T'he\ and Y positions refer to the image shown in Fig. 1 ; the galaxy centre is approximately at (X, Y) = (2405, 3664). The RA and Dec. have been calculated using ~15 USNO B1.0 stars found in the frame, and the positions are good to ~1 arcsec. (2004); errors in g and gi are less than 0.05 mag. An approximate conversion to HST/WFPC2 V (F555W) and I (F814W) is given by V = g -0.75 ± 0.1 and V -I = gi -0.02 ± 0.1. Fig. 1 shows the spatial distribution of the confirmed GCs. Two objects deserve separate mention. Object #558 is marginally resolved on our GMOS images, and clearly extended on HST/ACS F475W and F850LP images (Proposal 9401: note that the HST/ACS images only became public in 2004 July, and we did not have ac cess to them for our spectroscopic object selection). Its velocity (1088 km s ) is consistent with both that of NGC 4649 (1117 km s /) or the Virgo cluster (1079 km s /). Its apparent magnitude is V = 21.0, giving it an absolute magnitude Mv = -10.1 for a Virgo distance of 16.8 Mpc. It is our bluest object, with gi = 0.74. Thus, its magnitude and colour are consistent with either a luminous GC or a faint (stripped?) dwarf galaxy. Stellar population model fits give an old age and low metallicity for #558, but the fits are uncertain (Pierce et al. 2006b ). For the moment, we retain this object in our kinematic sample. Object #1574 is in fact closer in both position and velocity to NGC 4647 than to NGC 4649, and could plausibly be a GC associated with NGC 4647. Exclusion of #1574 changes the mean velocity and velocity dispersions by less than 10 km s 1. and makes no difference to the dynamical modelling in Section 3.2; thus, we retain this object also in our kinematic sample. in Gebhardt et al. (1996) . The 68 per cent uncertainties result from Monte Carlo simulations. The systemic velocity of NGC 4649 is 1117 + 6 km s (Trager et al. 2000) , the biweight mean velocity for all 38 GC candidates is 1066 ± 45 km s', and the median GC candidate velocity is 1094 km s'.
RESULTS
Kinematic analysis
Velocity distribution and galaxy membership
We first need to determine which of our 38 GC candidates are indeed bona fide NGC 4649 GCs. We first note that the generalized histogram in Fig. 2 shows a very smooth distribution, with no ob vious groups of lowor high-velocity non-clusters. Secondly, our lowest candidate velocity is 483 km s , and it is very unlikely that a Milky Way field star would have this high a velocity. For instance, 99 per cent of SDSS stars have velocities less than 483 km s . We have also ran Besancon models (Robin et al. 2003) for the velocity distribution of halo stars towards NGC 4649 and none had a veloc ity as high as 483 km s . Finally, none of the 41 000+ stars in the Radial Velocity Experiment (RAVE) survey have a velocity as high as 483 km s (M. Williams, private communication).
Another approach is to try kmm mixture modelling (McLachlan & Basford 1988; Ashman, Bird & Zepf 1994) , to see if there is any evidence for more than one velocity group. We ran the kmm code for two groups, with the first group consisting of the six candidates with velocities 484 < V <703 km s trying both homoscedastic (common covariance) and heteroscedastic groups (independent co variance). We also tried running kmm with the first group consisting solely of the lowest velocity candidate at 483 km s', but the result was identical to the first case. In no case did we find that two groups were a statistically better fit to the velocity distribution than one (P-values of 0.25 and 0.52 for homoscedastic and heteroscedastic groups, respectively).
We conclude that all of the 38 GC candidates are indeed bona fide GCs belonging to NGC 4649 (but note that there is uncertainty about whether object #1574 belongs to NGC 4649 or 4647, as discussed in Section 2.3). 
Velocity dispersion
We have used the rostat code (Beers, Flynn & Gebhardt 1990 ) to calculate the biweight velocity dispersion for the NGC 4649 GCs. We have done this for all of the GCs, and for the blue and red GCs separately. The division between blue and red GCs is at (gz) = 1.0, based on the bimodality in the GC colour distribution seen in Forbes et al. (2004) . The velocity dispersion for all 38 GCs (256 ± 29 km s') is comparable to the dispersions found in other earlytype galaxies. The velocity dispersion for the red GCs (288 + 43 km s ) is higher than for the blue GCs (205 ± 65 km s ), in contrast to other luminous ellipticals. To see how sensitive these results are to our colour boundary, we have set the boundary at (g -z) = 0.95 and (gz) = 1.05; the blue/red dispersions are 181 ± 50/297 ± 39, and 222 ± 44/286 ± 53, for a boundary of (g -i) = 0.95/1.05. The dispersions, especially for the blue GCs, are sensitive to the adopted colour boundary, but the difference in dispersion between the red and blue GCs persists for all three choices. The red GCs thus have a higher velocity dispersion than the blue GCs of 64-116 km s', but at a low significance level ranging from 0.9 to 1.8cr. Fig. 3 shows the GC velocity dispersion radial profile. This dis persion profile was derived using the lowess estimator, which runs a radial window function through the data to estimate the velocity squared (see Fischer 1995, and Pierce et al. 2006a for further details). Fig. 3 shows that the GC velocity dispersion profile is constant with radius within the errors. We have checked whether removal of the young and intermediate age clusters, as discussed in Pierce et al. (2006b) , changes the dispersion values; within the uncertainties there is no change in the results.
Rotation of the globular cluster system
We have searched for rotation in the GC system by doing non-linear least-squares fits to the following equation: where V'rot is the GC rotation velocity (amplitude), 6 is the GC azimuthal angle, 0O is the position angle of the line of nodes, and V'o is the systemic velocity of NGC 4649. This determines the best-fitting flat rotation curve; see Zepf et al. (2000) for more details.
We have fit the above equation for all three GC samples (total, blue and red). Because of the small numbers of GCs, we fixed V'0 at the mean GC velocity (1066 km s ' The GC mean velocity and systemic velocity of NGC 4649 differ by about 50 km s'. Since we are measuring rotation and because our GC sample is not centred on the galaxy, by using the GC mean rotation, we may be removing rotation at the level of 50 km s . Thus, we will likely be underestimating the true rotation. We have also looked for rotation using the systemic velocity, but find small differences. In either case, rotation is not significant. Fig. 4 shows the GC velocities as a function of azimuthal angle, with the 'best-fitting' rotation curve for all GCs superimposed. It is clear that the data in Fig. 4 show no rotation signature. This is confirmed by our quantitative fitting, which yields a rotation of 57 ± 58 km s for all GCs, and similar null results for blue and red GCs considered separately. In summary, there is no significant rotation in any of the GC samples.
We have used Monte Carlo simulations to set an upper limit on the rotation velocity for all GCs. We generate artificial samples with the same position angle distributions and velocity dispersions as the data, but with a rotation curve of given amplitude imposed. The 95 per cent confidence upper limit is defined as the rotation velocity for which only 5 per cent of these simulations give a rotation velocity as small as that observed (see Zepf et al. 2000) . We find a 95 per cent upper limit of 150 km s for the rotation amplitude of all GCs. Combined with the velocity dispersion of 256 km s (Section 3.1.2), we derive an upper limit for the ratio of rotation amplitude to velocity dispersion of v/a < 0.6.
It is of course possible that rotation is present in the NGC 4649 GC system, but we have failed to detect it. The main factor is our poor spatial and azimuthal coverage (see Fig. 4 for our uneven azimuthal coverage). As well, while our total sample of 38 GCs is reasonable, the blue and red GC sample sizes are smaller than we would like. We plan to acquire more velocities in our other two fields, which will alleviate the above difficulties and allow us to set tighter constraints on the presence or absence of rotation.
Dynamical models
We use two approaches to measure the M/L profile in NGC 4649. As a first step, we use spherical, isotropic models applied to the stel lar kinematics and the GC kinematics. With only 38 GC velocities, it is hard to go much beyond the isotropic assumption without ad ditional constraints. While we fully understand the limitations with these assumptions, we argue that for comparative value, isotropic models are informative since many previous studies have relied on these. Our second approach uses fully general axisymmetric mod els. These models are based on Schwarzschild (1979) , where one runs a set of orbits in a specified potential and fits for the orbital weights to best match the observational constraints. However, since these models are so general (i.e. allowing anisotropy as a free pa rameter spatially in both radius and angle), 38 velocities will be inadequate to overcome the uncertainties in both the potential and orbital structure. Fortunately, NGC 4649 has a detailed mass model from Chandra X-ray observations (Humphrey et al. 2006 ). Thus, we use the M/L profile as determined from X-rays as the input into the orbit-based models, which then provide the best-fitting orbital structure. Both techniques give the same answer, that NGC 4649 requires a substantial increase in the M/L at large radii.
Isotropic models
The isotropic models are straightforward and follow the approach outlined in Pierce et al. (2006a) . Briefly, we use non-parametric models assuming isotropy (see Gebhardt & Fischer 1995) . We use both the GC velocities and stellar kinematic data for the inner 70 arcsec from Pinkney et al. (2003) . For the surface brightness pro file, we use the stellar light profiles of Lauer et al. (2005) and Caon, Capaccioli & Rampazzo (1990) , where the latter extends out to over 700 arcsec. The Lauer et al. (2005) profile is in the L band, and we transform the Caon et al. (1990) B-band profile by matching in the overlap region. We find B -L = 0.98. We apply an extinction correc tion of Ay = 0.088 (Schlegel, Finkbeiner & Davis 1998) . However, since we are fitting the GCs, we should in fact be using their num ber density profile. Forbes et al. (2004) compare the GC profile to the stellar profile. They find that the red GCs are very similar to the stellar profile, whereas the blue GCs are slightly flatter. Given the uncertainties in these profiles, and that there are more velocities from the red GCs, use of the stellar light profile is reasonable. Fig. 5 Humphrey et al. (2006) . The X-ray analysis of Humphrey et al. (2006) provides the total mass, and we convert to M/L by dividing by our V'-band light profile. The GC data show an increasing M/L with radius, in other words implying a DM halo in NGC 4649. There is excellent agreement between the GC and X-ray mass profiles, reinforcing the evidence for this DM halo. R (arcsec) The solid (red) line is the profile for the stars and GCs, and the red hatched region are the la errors. The dashed (blue) line is the profile for the X-ray emission, obtained from the X-ray mass profile of Humphrey et al. (2006 ) and our U-band light profile. The horizontal line with (M/L)y = 8 represents the value adopted for the constant M/L model in Section 3.2.2. For our assumed distance of 17.3 Mpc, 100 arcsec corresponds to a linear radius of 8.1 kpc. The effective radius A'e for NGC 4649 varies between 42 arcsec in the A' band (Jarrett et al. 2003 ) and ~80 arcsec in the optical (Faber et al. 1989 : van der Marel 1991).
Orbit-based models
All aspects of the axisymmetric orbit-based models are provided in four papers: Gebhardt et al. (2000 Gebhardt et al. ( , 2003 and Thomas et al. (2004 Thomas et al. ( , 2005 . Thomas et al. (2005) provides the most direct comparison since it studies dark halo properties. Briefly, we first input a poten tial, either from stellar light only or a known mass profile (i.e. the X-ray potential). We then run a set of orbits in that potential that covers the available phase space. Thomas et al. (2004) provide a detailed description of the orbit sampling. For NGC 4649, we use approximately 104 orbits and 255 observational constraints. We then determine the non-negative orbital weights that best match the ob servational constraints. We use entropy as a way to facilitate the y2 minimization over this large set of parameters. The use of entropy as a way to regularize the models has very little effect on the results (as we discuss below).
For the potential, we use both the stellar light profile and the Xray profile. The stellar light profile is the same as used above for the isotropic models, except we now include the proper axis ratio of 0.88. We assume that the galaxy is edge-on. We run two sets of orbits: one for a constant stellar M/L [taking (M/L)y = 8; see Fig. 5 ], and one with a profile that uses a constant stellar M/L [again (M/L)y = 8] out to 45 arcsec and following the X-ray M/L profile beyond that. At the outer limit of the model, the increase in the M/L is a factor of 2.5 from the central regions (inside 45 arcsec). For completeness, we include a central black hole as reported in Gebhardt et al. (2003) ; this will likely effect the kinematics near the centre only, but since we desire the orbital structure throughout the galaxy, it is important to include as realistic a potential as possible. The model is the same as in Gebhardt et al. (2003) , where we divide the model in spatial bins consisting of 20 radial and five angular bins. The orbit sampling as outlined in Thomas et al. (2005) allows for very efficient coverage of the available phase space of the distribution function.
The kinematics come from published results in Pinkney et al. (2003) and the GC velocities presented here. Pinkney et al. (2003) have fairly extensive stellar kinematics along three position angles and go out to 70 arcsec along the major axis. For the GCs, we only use those beyond the stellar data, and we only use them in three ra dial bins. We measure the velocity dispersions from the GCs using a maximum-likelihood approach that includes the uncertainties di rectly (as discussed in Pryor & Meylan 1993) . The three dispersion values give approximately the same results as the lowess estimator. The three radial bins are at/? = 118,183, 240 arcsec with dispersion values of 230 ± 60, 270 ± 75, 220 ± 70 km s , respectively. Since the GCs are spread over the full angular range of the galaxy, we sum up the model angular bins in the same way (as opposed to the stellar kinematics, which are along particular position angles).
There are two main ways in which to use the orbit-based models. First, one can use the fit in a y2 sense to determine which potential gives the best fit to the data. In this way, one would run orbits in a large set of potentials and then choose which one has the lowest y2 as the best model. The second result from the orbit models is that for a given potential, the model produces a distribution func tion that optimizes the fit to the observations. Thomas et al. (2004 Thomas et al. ( , 2005 , as well as Cappellari et al. (2006) , have done many tests determining the ability to recover the distribution function using analytic models. If one has adequate radial and angular coverage, then the distribution function can be recovered robustly. In the case of NGC 4649, we are unlikely to get detailed information on the distribution function, but should be able to obtain reliable projec tions of it. For example, as shown in Gebhardt et al. (2003) and Gebhardt (2004) , the simple ratio of the radial to tangential disper sions as a function of radius and angle is a useful and robust quantity. Thus, for NGC 4649 we concentrate on this ratio. The program ob viously provides both angular dispersions: the azimuthal (parallel to the equatorial plane) and the polar (perpendicular to the equato rial plane). We add in quadrature the two angular dispersions and average, and compare this quantity to the radial dispersion. Thus, isotropic models have radial and tangential dispersions equal to each other. Fig. 6 shows the internal dispersion ratio for the potentials us ing the M/L profile from X-rays (upper panel) and a constant M/L (lower panel), along each position angle. For the X-ray profile, the orbital structure becomes slightly tangentially biased beyond 100 arcsec; the average ratio is about 0.8. For the constant M/L model, the average ratio is about 0.7. The stronger tangential bias in the con stant M/L model is what one would expect if a dark halo is present but not included in the dynamical models. One way to increase the projected dispersions at large radii is to put more energy into the tangential component. Figure 6 . The ratio of the radial to the tangential velocity dispersion along the five position angles in the orbit-based models. A ratio of 1 would imply an isotropic model. The vertical solid line is the radial extent of the observations; results beyond that radius are not meaningful. The top panel assumes a mass profile as detemiined from the X-ray observations of Humphrey et al. (2006) , and the bottom panel assumes a mass profile from the stellar light with a constant M/L. Using the mass profile from the X-rays produces less tangential bias at large radii, although some is still present implying either a need for a larger M/L increase or a real effect in the GC orbits.
Radius (arcsec)
Due to the large uncertainties in the kinematics from the GCs, we have not explored other dark halo models beyond the X-ray potential. However, we note that the overall fit to the data is better with the X-ray potential than with the constant M/L model. The change in y2 is 5, implying a significance of greater than 95 per cent. Thus, with these data and the X-ray potential alone, we find a strong significance for a dark halo. A further test would be to try a variety of dark halo models. Since we only tried one, it is very likely that the minimum y2 will be even lower, implying a yet higher significance. Thus, we have not determined the best-fitting dark halo model for this data set; this implies that we have not found the best-fitting orbital structure as well. Presumably, if the dark halo were more massive than the X-ray model suggests, we would find an orbital structure that is more consistent with isotropy. However, this test does demonstrate the power of combining X-ray data and kinematics. If we take the X-ray potential as truth, then the underlying orbital distribution is as given in Fig. 6 ; that is, the GCs are nearly isotropic out to 100 arcsec, and tangentially biased beyond that radius.
DISCUSSION
We have not detected any rotation in the NGC 4649 GC system, with v/a < 0.6 for all GCs. As discussed in Section 1, there is consid erable variation in the rotation properties of GC systems amongst early-type galaxies. Projection effects certainly play some role in explaining this variation, but these effects have not been properly studied to date. A range of rotation properties is also seen from PN data, with several ellipticals showing little rotation (v/a ~ 0.2; Romanowsky 2006a ). Yet most simulations of elliptical galaxy for mation predict significant amounts of angular momentum in their outer haloes (e.g. Barnes 1992; Vitvitska et al. 2002) . One possibil ity is that angular momentum is transported beyond the radial range of our data, which is ~20 kpc or 3.2-6.5 /\'e. Simulations also show that the angular momentum of DM haloes is generally larger for ma jor mergers, and lower for multiple accretion of satellites (Gerhard 2005) . Thus, the merging history of ellipticals may also play a role in determining their rotation. It is interesting to note in this context that there is no evidence for a major merger (or indeed any recent interaction) in NGC 4649. Pierce et al. (2006b) have found several young (2-3 Gyr) GCs in NGC 4649. The origin of these young GCs is not clear, but the fact that GCs younger and older than 9 Gyr have very similar velocity dispersions (see Section 3.1.2) argues against the young GCs having been formed in a merger.
We have also been able to put constraints on the orbital structure of the GCs, through the use of orbit-based models with a specified potential. We find that the GC orbits are close to isotropic out to 100 arcsec, but become tangentially biased at larger radii (Fig. 6) . Unfortunately, there are very few early-type galaxies with which we can compare our results. An analysis similar to ours for NGC 4649 has been carried out for M87 (Cote et al. 2001 ) and M49 (Cote et al. 2003) . In both galaxies, the entire GC system is close to isotropic at all radii. There are differences, however, when the MP and MR GCs are considered separately. In M87, the MP GCs are tangentially biased at all radii, particularly within 15 kpc, while the MR GCs are isotropic or slightly tangentially biased within 15 kpc, and radially biased beyond this radius. InM49, the MP GCs are close to isotropic, while the MR GCs become tangentially biased at large radius. Richtier et al. (2004) were able to place weak constraints on the orbital structure of the NGC 1399 GCs, finding that the MR GCs are close to isotropic, and that the MP GCs have a slight tangential bias. Overall then, existing data show that GCs in early-type galaxies generally have orbits that are close to isotropic, but there may be differences in the orbital structure of MP and MR GC subsystems. Unfortunately, our small sample size does not allow us to investigate such possible differences in the MP and MR GCs in NGC 4649. The models presented in this paper use axiysmmetric orbit-based models, which are the most general models one can run assuming axisymmetry, and thus should provide the fairest description of the orbital structure. The previous models listed above are all based on spherical symmetry, and it may be that once more realistic models are used, a clear picture of the outer structure may emerge.
We have found evidence for a DM halo in NGC 4649 from both spherical, isotropic models and axisymmetric, orbit-based models. The isotropic models give an (M/L)y of 9-28 at 260 arcsec radius (~21 kpc; Fig. 5 ). The isotropic GC M/L profile (Fig. 5) gives ex cellent agreement with the Chandra M/L profile (Humphrey et al. 2006 ) . De Bruyne et al. (2001) also found evidence for a DM halo from their stellar kinematic data extending to ~90 arcsec. Fig. 5 shows that the NGC 4649 M/L is ~8 near the galaxy centre, and starts increasing at ~50 arcsec. There is a significant difference between the effective radius Re for NGC 4649 in the optical and infrared, with optical values between 70 and 80 arcsec (de Vaucouleurs et al. 1991; Faber et al. 1989; van der Marel 1991) , and a 2MASS K-band value of 42 arcsec (Jarrett et al. 2003) . In any case, both X-ray and GC data suggest that NGC 4649 is becoming DM dominated beyond ~1 Re, as has been found for other ellipticals (Mamon & Lokas 2005; Gerhard 2006; Romanowsky 2006b ).
DM haloes are commonly found in other early-type galaxies from GC, X-ray and stellar kinematic data (see Section 1; Gerhard 2006; Napolitano et al. 2005 ). However, PN data have been used to argue against the existence of DM haloes in early-type galaxies (e.g. Ro manowsky et al. 2003) . As discussed in Section 1, this may be be cause PNe in early-type galaxies are on preferentially radial orbits. For cluster galaxies there is the added complication of potential contamination from intracluster PNe (e.g. Feldmeier et al. 2004) . Unfortunately, there are no published PNe data for NGC 4649 to compare our GC results with. GC spectroscopy allows both the determination of velocities and ages/abundances, allowing us to in vestigate whether kinematics depends on age. However, even with 8-m class telescopes, it is difficult to obtain the high-S/N spectra needed for reliable age determination, so there is little age data avail able at present. We have found that exclusion of four young (2-3 Gyr:#89,175,502,1443) and two intermediate-age (5-6 Gyr: #517, 1182) GCs in NGC 4649 (see Pierce et al. 2006b ) has no significant effect on the M/L profile, but our GC sample size is not large. More kinematic data for a range of tracers, including PNe, GC, stellar and X-ray, are needed for NGC 4649 and other early-type galaxies.
CONCLUSIONS
We have used Gemini/GMOS to obtain spectra for 38 confirmed GCs in NGC 4649. The recession velocities of these clusters have been used to study the cluster kinematics and DM content of NGC 4649. Our main results are as follows.
(i) The GC velocity dispersion profile is constant with radius, for all GCs, and also for the blue and red GCs separately.
(ii) We detect no rotation in the GC system, both for all clusters, and for blue and red samples separately. We are able to place upper limits on the ratio of rotation velocity to velocity dispersion v/a < 0.6 for all GCs. Further data to improve our spatial and azimuthal coverage, and our sample size, are needed to make further progress.
(iii) Both spherical, isotropic and axisymmetric, orbit-based dy namical models strongly support the presence of a DM halo in NGC 4649. For the isotropic models there is excellent agreement between the stellar plus GC M/L profile and the X-ray M/L profile from Humphrey et al. (2006) .
(iv) Within ~100 arcsec radius, the GC orbits are close to isotropic, while at larger radius the orbits become tangentially biased.
